Wave-driven reverse osmosis desalination systems can be a cost-effective option for providing a safe and reliable source of drinking water for large coastal communities. Such systems usually require the stabilization of pulsating pressures for desalination purposes. The key challenge is to convert a fluctuating pressure flow into a constant pressure flow. To address this task, stub-filters, accumulators, and radially elastic-pipes are considered for smoothing the pressure fluctuations in the flow. An analytical model for fluidic capacitance of accumulators and elastic pipes are derived and verified. Commercially available accumulators in combination with essentially rigid (and low cost) piping are found to be a cost-effective solution for this application, and a model for selecting accumulators with the required fluidic-capacitance for the intended system is thus presented.
is experimentally investigated in section 5. The cost of the spherical-node design and off-the-shelf accumulators with the necessary fluidic capacitance are calculated in section 6, and off-the-shelf accumulators are found to be the most economical solution. The conclusions are summarized in section 7. A stub filter, shown in Figure 2 (a), is a long straight pipe attached orthogonally to the flow direction of a pipe. Pressure waves travel up the orthogonal pipe, reflect off the end of the pipe, return to the central pipe, and cancel out pressure waves of a specific frequency. For a given frequency ω rad/sec and a wave-speed a m/s which in this case is the speed of sound in water, an appropriate pipe-length l m of a stub filter can be calculated as follows [11] .
Pressure Smoothing Methods
If pressure waves travel at approximately 1000 m/s at a frequency of about 0.2 Hz, the length of the pipe needed would be more than 500 m, which is impractical. Other filters that utilize the same principle of destructive-wave interference, such as H filters, also exist but they fail to attenuate the pressure over a large frequency ranges [11] . Due to these limitations, stub filters are not considered.
An accumulator, Figure 2 (c), is a device that is connected to a fluid line and has a mechanism that expands or contracts according to pressure fluctuations in the fluid line. The expansion and contraction of the device smoothes pressure fluctuations. There are a variety of accumulators available for a wide range of applications. This study will focus on bladder accumulators as they have a large acceptable pressure fluctuation range and rapidly react to pressure pulsation. Figure 3 shows the inner workings of a bladder accumulator. A bladder usually filled with nitrogen gas is encased in an outer metal exterior shell. The nitrogen is initially pressurized to a specific pressure or precharge pressure. If the pressure in the flow line increases, the bladder contracts and liquid from the line flows into the accumulator. If the pressure in the line decreases, the bladder expands and liquid in the accumulator flows out back to the line. Fluidic capacitance is the fluidic analogue of capacitance in an electrical circuit. Just like electrical capacitors, fluidic capacitors store and release energy into a system. In a fluid system, the capacitance is defined as follows.
In equation 2, △V and △P are increments in the volume and the internal pressure respectively. According to the above definition, the fluidic capacitance of a bladder accumulator is given as follows [12] .
In equation 3, P charged is the pre-charge pressure of the filled gas, V accumlator is the volume of the accumulator and P line is the line pressure. The greater the available fluidic capacitance, the more the pressure fluctuations in a line will be smoothed. Accumulators have been used for decades to smooth pressure fluctuations in pipelines, but the pipes themselves can expand and contract just as the bladder in the accumulator to smooth pressure fluctuations. If the pipeline connecting the wave paddle to the RO system is made of a compliant material, the pipeline itself can be designed so that fluidic capacitance is inherently in the pipe itself without the use of an accumulator. Also bladder accumulators must be maintained regularly because the bladders fatigue and rupture regularly. If the capacitance was built into the pipe itself and the pressure fluctuations induced stresses below the yield of the material, perhaps a maintenance-free low cost solution could be designed. Using 2, the fluidic capacitance of various pipes can be calculated. 
Analysis of Elastic Piping
Since we are not limited to the choice of a circular cross-sectional pipe, it is worth exploring whether pipes with different cross-sections can lead to enhanced fluidic capacitance. It is assumed that the pipes are free to expand and contract and that gravity effects are negligible. In the case of a circular cross-section pipe the volume of material per unit capacitance is defined as follows and is derived in the Appendix.
In equation 4, P is the pressure variation, E is the elastic modulus, and σ y is the yield stress. Circular, triangular, square, rectangular, rhombic, and elliptical cross-sectional pipes are studied. Analytical models are constructed for circular and triangular cross-sections and compared with respective finite element models. Other crosssections are modeled using the finite element. Different pipes are defined to have the same internal pressure, maximum von Mises stress, and fluidic capacitance. In the Appendix, it is shown that the pressure drop across the pipe is small relative to the absolute pressure in the pipe. By fixing these parameters, the flow cross-section and material cross-section are determined for each pipe shape. Table 1 demonstrates that the circular cross-section requires 4 to 5 times less material than the amount of material required for the triangular cross-section to achieve the same fluidic capacitance. The stress concentrations at the corners of the triangle require extra wall-thickness to limit the maximum von Mises stress and thereby require a large material crosssection as can be seen in Figure 6 . Also, the flow area for the circular pipe is larger than the flow area for the triangular pipe. Similar issues were found with square and elliptical pipes, as shown in Figure 7 .
In the next finite element study, the material cross-section, internal pressure, and von Mises stress are fixed so that a capacitance per unit length could be calculated. Once the proper dimensions for comparing the different pipe shapes are found, as shown in Table 2 the change in volume can be calculated from the finite element model, and the fluidic capacitance per unit length can be solved. The circular cross-section, clamped or unclamped at the ends, exhibits the largest fluidiccapacitance and flow cross section. The results can be explained by the fact that circular pipes allow for the most uniform loading of the material in the wall. The material uniformly stretches up to the limiting stress, in this study half the yield strength of steel, which therefore allows for a maximum fluidic capacitance. In the other shapes studied, the stresses are non-uniform, and therefore not all of the material can be elastically loaded and stretched to achieve a high change in volume for a given fixed pressure. Given the conclusion that the greater the uniformity of stress in the pipe the greater the fluidic capacitance, another possible design is investigated involving spherical nodes attached to a pipe, as shown in Figure 8 . The amount of material volume per unit fluidic capacitance of a spherical element is derived in the Appendix. A sphere requires approximately one third the amount of material required for a cylindrical pipe to achieve the same fluidic capacitance. The material per unit capacitance of a sphere is as follows.
In equation 5, P is the pressure variation, E is the elastic modulus, σ y is the yield stress and poisson's ratio. From the given analysis, spherical nodes on a pipe would yield the largest amount of fluidic capacitance for the least amount of material. the necessary fluidic capacitance, the entire system is modeled using a lumped parameter model. The model includes the wave-paddle pump, pipeline, and RO membrane. It is worth mentioning that in the lumped-element model, flow rate is analogous with current and pressure is analogous with voltage in the electrical model. It is assumed that the wave-powered pump is a displacement pump and is not pressure limited. It is also assumed that by stabilizing the flow, pressure fluctuations will be reduced. The pipe connecting the wave paddle to the RO system can be modeled as an infinite chain of resistors, inductors, and capacitors that can be approximated as one equivalent link in a chain [13] , as shown in Figure 9 . In Figure  9 , the current source represents the wave paddle, the resistor represents the RO membrane, and capacitor represents a fluidic capacitance element. Based on this circuit the transfer function is as follows.
The variable I out is the flow through the RO membrane, and I in is the flow coming in from the wave-paddle pump. The manufacturers fluidic resistance of the desalination system, R RO , is significantly larger than the resistance of the pipeline, R pipe , and the inductance of the pipeline, L pipe . Under these conditions the transfer function simplifies as follows.
Using this equation, the capacitance required to achieve a specified reduction in pressure ripple is obtained. The percentage flow ripple is defined as 100 times I out /I in . Let ω rad/sec be the frequency of the incoming wave. The equation 7 can be modified as follows. A smaller ripple leads to greater pressure stabilization. For this application, the desired ripple is specified and the resistance of the reverse osmosis membrane, and the average wave frequency are fixed. With these defined values, an appropriate fluidic capacitance of the system, C, can be approximated. In section 5 equation 8 is experimentally investigated. In section 6, the cost comparison of achieving desired fluidic capacitance from accumulators, elastics pipes and spheres is compared.
Experimental Investigation of Model
The purpose of the experiment is to identify how well the percentage ripple can be predicted when a calculated fluidic resistance is added to the system as shown in Figure 9 . Figure 10 shows the experimental set up, and Figure 11 shows a flow chart of the experimental setup. While either elastic hosing or an accumulator could be used as the capacitive element in the experiment, the accumulator was selected for the experiment because of its compact nature. The cyclic pressure waves are created using a pressurized-air driven pump. An air-regulator is controlled by a LabView program to create sinusoidal pressure waves. A large water supply is connected to the pump. The Reynolds number of the fluid in experiment is matched to that of the planned scaled system. The water passes by the accumulator and exits through a needle valve. The needle valve mimics the fluidic resistance of the reverse osmosis membrane. The resistance of the needle valve is defined as follows. 
In equation 9, P line is the pressure before the needle valve and Q out is the volumetric flow exiting the needle valve. The effect of including an accumulator to the system is shown in Figure 12 (a), and demonstrates that adding fluidic capacitance to the system stabilizes the flow. It should be noted that the mean pressure is substracted from the values displayed in the plot to highlight the damped pressure fluctuations. In Figure 12 (b), the estimated ripple described in equation 8 is compared to the experimentally observed ripple. The ripple is plotted against the non-dimensional parameter α = RCω. In the experiment the wave frequency and the resistance are independently controlled parameters. The observed results are consistently off by a factor of two from the predictions. This deviation may be explained based on the dependence of R RO and C on flow frequency ω and other experimental uncertainties. The experimental results suggest that the model captures the trend for low and high α values but seems to be off by a factor of two. The model does not capture the effect that happens near α = 40. The application at hand, however, is expected to occur at α values above α = 50 where the proposed model appears to capture the trend. Six samples were collected for each observed α value. 
Cost Comparison of Elastic Piping vs. Accumulator
Using equations 4 and 5 for pipes and spheres respectively, the cost of system capacitance using pipes and spheres can be estimated. The material cost is assumed to be 22 USD/kg assuming the pipes and spheres are made of steel and that material and manufacturing costs are included. Using equations 3 and 8 the required accumulator volume can be calculated to estimate the cost of using accumulators. The precharge of the accumulator is approximated as follows.
Combining equations 3, 8 and 10, the equation for V acc is as follows.
The purchasing cost of elastic piping, spheres, and accumulators are in Figure 13 . Current prices of accumulators from different vendors are tabulated in the Appendix. The cost of the capacitive system is dependent on the pressure, assuming a constant flow, at which the system must operate. Figure 14 is the cost of ownership for the different capacitive elements. While the spherical node pipe is a one time cost, even with regular bladder replacement, the cost of accumulators is significantly lower than that of elastic piping or spherical node piping to achieve equal fluidic capacitance.
Conclusions
In this paper, the task of developing solutions to stabilize the fluctuating flow for the desalination application has been addressed. To achieve this task, first stub-filters were studied and found impractical. Two strategies were investigated in detail namely capacitive pipes and off-the-shelf accumulators. It was possible to obtain a desired level of fluidic-capacitance from the expansion in the pipe walls so as to accommodate the rising pressure. Analytical models and FEA simulations were carried out to predict the capacitance of the pipes with different cross-sectional areas. Pipes with circular cross-sections exhibited the highest fluidic-capacitance due to uniform stress fields in the pipe walls compared to the pipes with triangular, square, and elliptical cross sections, which showed stress-concentration at the corners. A design based on the spherical nodes serving as capacitive elements was also explored and was found to be superior compared to the cylindrical pipe design. Finally, off-the-shelf accumulators were studied for the application at hand and an experimental setup was built to verify the capacitance model. The model generally underestimates the amount of fluidic capacitance to achieve a specified ripple but demonstrates the trend of lowering ripple with increasing capacitance. Finally, a cost comparison for different fluidic-capacitance solutions over a wide range of operating pressures was carried out, and accumulators were found to be the most cost-effective solution. It is predicted that the accumulators over fifty years of operation would cost less than half of the cost of other solutions studied.
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Appendix 9.1 Fluid-Dynamics in Pipe
The inviscid Navier-Stokes equation in the X direction as shown in Figure 15 is as follows.
The above equation states the pressure gradient ( In order to develop conditions in which the pressure gradient is zero i.e. pressure is uniform along the length of the pipe, a scaling analysis is carried out as follows.
In equation 13, the first term ( 
Here, Q is the flow rate and A is the area of cross-section of the pipe. In the current context Q = 0.0029 m 3 /sec and, for a circular pipe of radius r = 0.1 m i.e. area A = 0.0314 m 2 yields v x ∼ 1.0m/sec. The τ is 5 sec. Thus,
Both these terms are small when multiplied by the density and hence the pressure drop across the pipe is estimated to be small compared to the line pressure. Even for L of 100 meters the pressure drop △ p is only 0.14 MPa, indicating that the assumption of the uniform pressure is accurate. Thus, if the characteristic time scale (τ) for the variation is large and the flow rate Q or velocity v x is small, then the pressure gradients along the pipe-length can be neglected. The central idea of extracting fluidic-capacitance from a long pipe relies upon its expansion under increasing internal pressure. In principle, any pipe with elastic properties can be applied for this purpose. Two choices to be made are (i) material selection for the pipe (Rubber, PVC, Steel, etc.) and, (ii) cross-sectional shape of the pipe i.e. circular, square, etc.
Circular Crossection
The main stress component in a cylindrical pipe is given as follows [14] .
The von-Mises stress (i.e. the equivalent stress) is given as follows.
We set half the yield strength as the maximum desired equivalent stress.
Therefore, the wall thickness 't' is as follows.
The volume change is then computed as follows.
Higher order terms have been neglected.
The amount of material for this pipe is as follows.
Thus, the amount of material/capacitance for cylindrical geometry is as follows.
Spherical
In case of a thin-walled sphere [14] , the two stress components are as follows.
Thus, in this case von-mises is as follows.
We assume that the maximum allowable stress is equal to half the yield strength.
For finding the volume change for a closed pipe we use the following strain measures.
We plug in the values for both the stresses and then compute the total volume change as follows.
Thus, the amount of material in the sphere is given as follows.
M = 4πR 2 t
Substituting the value of t we calculate the amount of material per unit change in the volume as follows. There is no analytical solution to estimate the expansion of a triangular cross-section; but we attempt this by modeling each side of the triangle as a beam with pinned-pinned end conditions and estimate the deflection of beam [15] and thereby estimate the overall change in the area. (The pinned-pinned end condition leads to an over estimate in the fluidic-capacitance of pipe). The maximum stress occurring in the pinned-pinned beam is given as follows. where, p is the internal pressure. After substitution following result is achieved.
Triangular
Under the pinned-pinned assumption δ (the deflection) is given as follows.
Then, total change is cross-section area per unit depth (△A = L 0 δdx) is as follows.
Thus, total change in cross-sectional area is given as △A total = 3△A = 
Accumulator Prices

